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Abstract 
Based on the theories of low-temperature plasma and metal solidification, the similarities and differences between anode melted marks 
(AMMs) and cathode melted marks (CMMs) in direct current (DC) short circuits were characterized, and the phase transition and 
oxidation of copper melted marks were analyzed. These data were used to ascertain which melted marks were suitable for identification of 
evidence of electrical fire materials. These parameters were assessed using metallographic microscopy, X-ray diffraction, laser micro-
Raman spectroscopy, scanning electron microscopy and energy-dispersive spectrometry. The grain size of AMMs was 20–40nm and that 
of CMMs was 20–35nm at a DC of 600A. The oxygen: copper ratio on the three types of regions of AMM surfaces displayed an inverted 
U-shaped with increasing DC. The oxygen: copper ratio on rough surfaces was <1.3, on smooth surfaces were <0.8, and in gas holes were 
<1.2. Furthermore, the ratio on longitudinal sections of CMMs showed a similar trend, and was <0.8. Copper (I) oxide appeared only on 
the surfaces of SSMs (secondary short-circuited melted marks). 
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1. Introduction 
Investigation of the cause of a fire needs the identification of evidence of fire materials (IEFM). The metallographic 
analysis on remains from the fire scene is the most important technique in Chinese standard (Technical determination 
methods for electrical fire cause Part4˖Metallographic method˗GB16840.4-1997) to determine the causes that trigger a 
fire. In fact, Metallographic analysis is used for IEFM as an empirical/semi-empirical method, together with the fire 
environment, the investigation of fire incidents needs to develop, including IEFM. Adding to this, a new series of scientific 
analysis methods are clarified, for instance, micro-morphology methods [1], scanning electron microscopy (SEM) [2], 
secondary ion mass spectrometry and Auger electron spectroscopy deep etching [3], dendrite gap analysis, and investigation 
of the crystal structure of carbon [4] have been reported for IEFM, but an important fact was neglected by the related 
researchers [5–6], two poles (anode and cathode) of melted marks in DC current are different. 
Direct current (DC) is a major source of power in most homes. The distribution of temperature and ion species near 
electrodes in short-circuited arcs in DC is not identical [7–8]. Furthermore, data concerned to differentiate the two poles 
(anode and cathode) of melted marks are never known. Therefore, whether the same situation is applicable for both poles of 
melted marks have, however, not been reported. Furthermore, the differences between anode melted marks (AMMs) and 
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cathode melted marks (CMMs) in short circuits are prerequisites for quantitative analysis of primary and secondary short-
circuited melted marks˄PSMs and SSMs˅.  
This study focuses on the similarities and differences between AMMs and CMMs in DC short circuits at the scene of an 
electrical fire, on account of this, the DC short circuits were carried out and the similarities and differences between AMMs 
and CMMs in DC short circuits were characterized from the shape of melted marks, and inner structure and surface of 
melted marks in the present study. Also, based on the theories of low-temperature plasma and metal solidification, the phase 
transition and oxidation of copper melted marks are discussed. These data were used to ascertain which pole was suitable 
for identification of evidence of electrical fire materials.  
2. Experimental Procedures 
Short circuit experiments were carried out in the experimental setup as shown in Figure 1. The short-circuited current 
was provided by an 84-V DC power supply, and the 2.5 mm2 plastic copper wires were used for the short circuit. Primary 
short-circuited melted marks (PSMs) were carried out at 100, 150, 200, 252, 290, 300, 345, 400, 445, 500, 550 and 590A, 
the assigned numbers were from 1 to 24 successively. Secondary short-circuited melted marks (SSMs) were short-circuited 
at 200A and were heated by different external temperatures. Before short circuits, the plastic copper wires were weighed by 
a precision electronic balance (precision, 1⁄10,000, CP224S, Sartorius, Germany) and the length of plastic copper wires 
measured using metallographic microscopy (DMI5000M; Leica, Wetzlar, Germany). After short circuits, the weight and 
length of melted marks connected to copper wires were measured again. Then, all melted marks were grounded by a 
grinding mill (YMP-2; Shanghai Metallurgical Equipment Company Ltd, China), polished by a polishing machine (PG-2; 
Shanghai Metallurgical Equipment Company Ltd, China), etched by ferric chloride solution (0.08w%) cleaned by water and 
alcohol, and blown dry by nitrogen. The shape of melted marks was observed by metallographic microscopy (DMI5000M; 
Leica). Structural characteristics were investigated using X-ray diffraction (XRD; D-MAX 2200 VCP; Rigaku, Tokyo, 
Japan). Micro-shape was examined through a scanning electron microscope (JSM-6010LA; JEOL, Peabody, MA, USA). 
Levels of chemicals were analyzed by energy-dispersive spectrometry (EDS˗S-520/INCA 300; Hitachi/Oxford, Japan) and 
laser micro-Raman spectrometer (inVia; Renishaw, Gloucestershire, UK) at 633nm. 
 
Figure1. Schematic diagram of experimental set-up 
3. Results and Discussion 
3.1. Shape of melted marks 
Change in weight and length of copper wire (whereby ∆m is the D-value of the weight of copper wire and ∆ℓ is the D-
value of length of copper wire) was showed in Table 1. ∆m was primarily a positive number. It increased initially and then 
declined gradually with increasing DC. ∆ℓ was primarily a negative number and l'  showed a similar trend with ∆m, i.e.,   
m'  and l'  of CMMs were greater than that of AMMs. These results suggested that evaporation of copper was obviously 
much compared with oxidation of copper. To assess the relationship between ∆m and increasing DC, regression analysis 
was carried out on experimental data. The proposed relationship between ∆m and current was expressed as Equation (1) 
(Table 1). The relationship between l'  and electrical current based on experimental results was expressed as Equation (2) 
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(Table 1). In these equations, WIf  is the ∆m (g), and LIf  is the l'  (mm), and I is the value of DC (A). These proposed 
relationships were compared with test results separately (Figure 2). 
Table 1. Length changes and weight losses in anode melted marks and cathode melted marks 
DC  Anode melted mark  Cathode melted mark 
 ∆m1 ∆ℓ1 ∆m2 ∆ℓ2  ∆m1 ∆ℓ1 ∆m2 ∆ℓ2 
A (g) (mm) (g) (mm)  (g) (mm) (g) (mm) 
100 0.0003 0.121 –0.001 –0.01  0.0006 0.12 –0.0015 –0.157 
150 0.0002 0.2503 0.0013 –0.039  0.0017 0.5364 0.0002 –0.061 
200 0.0008 0.906 0.0164 –0.091  0.0038 0.9965 0.0042 0.058 
252 0.0093 –0.146 0.0254 –0.146  0.0113 –0.138 0.0036 –0.063 
290 0.0156 –0.487 0.0104 –0.121  0.0055 –0.4755 0.0124 –0.034 
300 0.0788 3.3165 0.0097 –0.098  0.1413 –7.2605 0.0145 –0.062 
345 0.0769 –2.6131 0.0151 –0.128  0.1106 –4.6302 0.055 –0.243 
400 0.0660 –1.931 0.0121 –0.128  0.1041 –3.3726 0.0117 –0.113 
445 0.0703 –2.351 0.0326 –0.145  0.1172 –4.3105 0.0203 –0.108 
500 –0.079 –2.410 0.0748 –0.188  0.1892 –2.3545 0.0573 –0.264 
550 — — 0.0435 –0.039  — — 0.0481 –0.216 
590 0.0695 –3.5604 0.009 –0.081  0.0475 –3.7615 0.0072 –0.076 
4 6 2 9 30.0195 3.93 10 2.1705 10 2.4939 10 100 600WIf I I I A I A    u  u  u d d                         (1) 
5 2 8 30.0051 0.0054 3.4958 10 3.8628 10 100 600LIf I I I A I A     u  u d d                              (2) 
(a) (b)  
Figure 2. D-value of PSMs at different DC current between 100A and 600A. (a) D-value of weight (b) D-value of length 
Weight change increased to 0.0554g at 470A and dropped to 0.0001g at 100A, and length change increased to 1.24mm at 
512A. This proposed relationship showed that the length of copper melted marks became longer if DC was >196A. These 
resultants indicated if electric current density was larger than the maximum the duration of short circuit was reduced, the 
generating heat was reduced with it, that was why the m'  and l'  showed that trend when the electrical current was up 
and the diameter of copper wire was constant.   
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AMMs showed a similar shape. Melted “balls” were close to one side and this shape was classified as “type A”. The 
surface of melted balls was smooth and covered with dark-red oxide, and became larger with increasing DC (Figure 3). 
CMMs were formed under identical conditions (Figure 4). Melted “beads” were scattered and adhered to the copper wire. 
The appearance was uneven and the surface also covered with dark-red oxide. This shape was classified as “type B”. Eight 
type-A and ten type-B shapes were displayed in all 22 melted marks (Table 2). AMMs displayed primarily a type-A shape 
(73%) and CMMs displayed a type-B shape (82%). Depth and width were measured on the longitudinal section of melted 
marks. The depth of type A showed an inverted U-shape with increasing DC, and depth increased to 2.08 mm at 450A. 
Width showed a U-shape and increased to 2.28 mm at 290A. Depth and width of type B did not show a similar trend. 
Therefore, AMMs were deemed suitable for IEFM. 
Table 2. Metallographic measurements of melted marks 
 
(a)      (b)  
(c)      (d)  
DC Width Depth Type Current Width Depth Type 
A mm mm A mm mm 
100 1.597 1.227 A 100 2.409 0.364 B 
150 1.899 0.136 — 150 — — — 
200 1.781 1.185 A 200 1.837 0.536 B 
250 3.734 0.683 — 250 1.266 0.572 — 
290 2.288 1.939 A 290 1.869 0.375 B 
300 1.601 1.331 A 300 3.303 0.725 B 
350 1.433 0.445 B 350 2.207 0.693 B 
400 1.742 1.409 A 400 2.108 1.942 B 
450 1.804 2.08 A 450 2.528 1.656 B 
500 0.797 0.36 A 500 2.409 0.363 B 
590 1.621 1.363 A 590 1.11 0.338 B 
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Figure 3. Photographs of anode melted mark of PSMs. (a) short circuited at 200A; (b) short circuited at 300A; (c) short circuited at 400A; (d) short 
circuited at 450A. 
(a)      (b)  
(c)      (d)  
Figure 4. Photographs of cathode melted mark of PSMs. (a) short circuited at 200A; (b) short circuited at 300A; (c) short circuited at 400A; (d) short 
circuited at 450A. 
When copper wires were short-circuited, the short-circuited current formed a large electromagnetic force [9]. This force 
prevented external disturbances to maintain current along the axis of the electrode. The shape of melted marks was decided 
primarily by the arcing current and its own electromagnetic force, gravity, and the asymmetric contact of the two copper 
wires, which would affect the distribution of the magnetic line of force and electrons. Meanwhile, the power source supplied 
electrons to the electric arc through the cathode as the short circuit occurred: this was the only way that the short-circuited 
arc obtained energy [10]. The temperature of the electric arc would be >2000K. Energy would be converted to heat, light, 
electromagnetic and mechanical energy. Electrons and ions were accelerated by the voltage drops in the anode and cathode. 
The temperature in the anode and cathode was increased, and evaporation and oxidization occurred during the short circuit 
[11]. This heat transfer was one-dimensional and uneven, and conducted primarily along the copper wire. Furthermore, 
current density increased with increasing DC, so heat would be increased and more copper evaporated and oxidized. 
However, if the current density was increased successively, the time duration of the arc would be short, the heat from the arc 
would be lower, thereby resulting in the trend of width, depth and weight of melted marks observed here. 
3.2. Inner structure of melted marks 
3.2.1.  Metallographic analysis 
Melted marks were grounded, polished and etched. Each melted mark was observed by metallographic microscopy under 
×200 times magnification (Figure 5 and 6). Analysis showed that the grains of AMMs were mainly columnar crystals and 
that rapid cooling improved the development of dendritic structures. Grains had a “spindly” outline and a uniform direction. 
The grains of CMMs were mainly cellular crystals, and did not exhibit a clear orientation. Some gas holes were observed 
within all melted marks. 
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(a)  (b)  
(c)  (d)  
Figure 5. Metallographs of anode melted mark of PSMs. (a) short circuited at 200A; (b) short circuited at 300A; (c) short circuited at 400A; (d) short 
circuited at 450A. 
(a)  (b)  
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(c)  (d)  
Figure 6. Metallographs of anode melted mark of PSMs. (a) short circuited at 200A; (b) short circuited at 300A; (c) short circuited at 400A; (d) short 
circuited at 450A. 
Results suggested that the heat of anode transfer was mainly along one direction. Grain growth was according to the 
direction of heat release. Heat can be conducted readily along copper wire, so the grains of melted marks grew along one 
direction. The temperature of the cathode was lower than that of the anode [12], so grains were apt to grow in “strips” at 
temperature gradients. More precisely, the rate of heat release at the cathode were slower than that at the anode, so grains 
were nucleated, but didn't grow up further, which was why the grains of AMMs were dendritic structures and those of 
CMMs were equiaxed structures. Moreover, when the copper wires melted, some air was dissolved into liquid copper. Once 
the molten copper solidified, the surface of melted marks was solidified first and the gas was “held” within the inner parts of 
melted marks. 
3.2.2. XRD analysis 
The crystal structures of melted marks were investigated by powder XRD (Figure 7). Patterns in Figure 7(a) and (b) 
correspond to AMMs and CMMs, respectively. Four characteristic diffraction peaks at 43.316°, 50.448°, 74.124° and 
89.935° are displayed in Figure 7(a) and (b), correspond to the (111), (200), (220) and (311) planes of the face-centered 
cubic structure of pure copper (JCPDS 85-1326). Phase-characteristic diffraction peaks could not be seen for copper (II) 
oxide. 
(a)  (b)  
Figure 7. X-ray diffraction patterns of PSMs. (a) anode melted marks; (b) cathode melted marks 
Grain sizes were estimated using the Scherrer equation through line broadening of the Cu (111) peak [13-15] (Figure 8). 
Most grain sizes of AMMs were larger than those of CMMs, and both were below the grain size of copper wire. The grain 
size of AMMs was 20–40nm and that of CMMs was 20–35nm. With increasing DC, the grain sizes of AMMs showed an 
increasing trend, whereas the grain sizes of CMMs showed a slight decreasing trend at 400A, with a maximal grain size at 
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300A. Regression analysis was carried out on the grain sizes of melted marks. The relationship between grain size and 
increasing DC is proposed as Equations (3) and (4) (Figure 8), where AIf  is the grain size of AMMs, and CIf  is the grain 
size of CMMs. Figure 8 show that when these proposed relationships were compared separately with experimental results, 
the grain size of AMMs increased with increasing DC (Figure 8(a)), but that the grain size of CMMs showed a downward 
trend <450A (Figure 8(b)), and the two relations between grain size and electrical current showed approximately 
complementation with each other in same electrical current range. In general, it acknowledged that the generating heat of 
short circuits has changed with the electrical current up, and the energy distribution ratio between the anode and cathode is 
not identical, but the sum of two parts was smaller than the total generating heat, due to the speed of grain growth is 
determined by the temperature gradient, further, is decided by the temperature of the electrode and the heat of electrode, our 
results are consistent with this hypothesis. 
(a)  (b)  
Figure 8. The grain size of melted marks of PSMs at different DC current between 100A and 600A. (a) anode melted marks; (b) cathode melted marks. 
230.6774 0.014 5.282 100 590AIf I I A I A   d d                                                      (3) 
224.5534 0.1061 0.2876 100 450CIf I I A I A   d d                                                      (4) 
3.3. Surface of melted marks 
3.3.1. SEM and EDS analysis 
Surfaces of melted marks were observed by SEM (Figure 9). The longitudinal sections of melted marks were etched, 
cleaned and observed by SEM (Figure 10). We observed gas holes, rough regions and smooth regions on surfaces. AMM 
surfaces were more compact than those of CMM surfaces. Surface textures were “tighter” with increasing DC for both types 
of melted marks. A layer on the longitudinal section was different from the other regions (Figure 10): the texture was 
complicated and not compact. This result suggested that the oxidation reaction on the surface was severe and incomplete. 
The thermal stress on grains could not be released fully, and there was a mismatch between the inner copper grains and 
copper-oxide grains in this layer. Based on all available SEM images, the thickness of the deposited layer ranged from 1–2 
microns to 12 microns. 
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(a)  (b)  
(c)  (d)  
Figure 9. Scanning electron micrographs on surfaces of PSMs at ×2000 magnification. (a) The anode melted mark at 200A; (b) The cathode melted mark at 
200A; (c) The anode melted mark at 450A; (d) The cathode melted mark at 450A. 
(a)  (b)  
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(c)  (d)  
Figure 10. Scanning electron micrographs on longitudinal sections of PSMs at ×1000 magnification. (a)The anode melted mark at 200A; (b) the cathode 
melted mark at 200A; (c) The anode melted mark at 450A; (d) the cathode melted mark at 450A. 
Surfaces of melted marks were measured immediately after formation by EDS (Table 3). EDS analysis demonstrated 
there was oxygen, carbon and copper on surfaces. The atomic ratio of carbon on the surface of CMMs was higher than those 
of AMMs. The average atomic ratio of carbon was Ĭ52.6%. The atomic ratio of carbon decreased with increasing DC. 
However, the atomic ratio of carbon on the surface of AMMs decreased with increasing DC, and the average carbon ratio 
was 49.9%. The median oxygen ratio on CMM surfaces (21.4%) was similar to that of AMMs (21.1%). 
 
Table 3. EDS data on surfaces of melted marks. 
DC Anode melted mark   Cathode melted mark 
A  Carbon 
(atomic %) 
Oxygen 
(atomic %) 
Copper 
(atomic %) 
Carbon 
(atomic %) 
Oxygen 
(atomic %) 
Copper 
(atomic %) 
100 64.01 22.64 11.14 34.16 26.01 39.83 
200 54.69 17.7 27.61 90.38 4.74 4.84 
300 73.33 15.0 11.67 75.01 11.44 13.5 
400 46.21 18.65 35.08 45.21 17.74 37.03 
500 34.84 8.58 56.58 26.05 22.4 51.55 
590 26.43 24.43 49.13 44.89 32.17 22.94 
 
We compared the ratio of oxygen to copper (Figure 11). The oxygen: copper ratio on AMM surfaces resulted in inverted 
U-shaped with increasing DC. The ratio on rough surfaces was <1.3 and that on smooth surfaces was <0.8. The ratio in gas 
holes was <1.2 (close to the ratio of rough surfaces) and the maximum appeared at 350A. However, the ratio of oxygen to 
copper on CMM surfaces showed a misty trend. 
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(a) (b)  
(c)  
Figure 11. Relationship between the ratios of oxygen: copper on the surfaces of PSMs and the DC current. (a)on the smooth surface; (b) on the rough 
surface; (c) in the gas holes of surface. 
Surfaces of melted marks were lost easily, so further tests were carried out on longitudinal sections by EDS. Five test 
positions from the edge of melted marks to the center were chosen, and were named from “Position 1” to “Position 5” 
successively. “Position-1” was a diameter of 6 μm away from the other, and so on. The ratios of oxygen: copper are shown 
in Figure 12. Positions 2 and 3 of CMMs showed a similar inverted V-shaped trend (Figure 12(a)). The ratio of oxygen: 
copper in position 2 was <0.75 and that of position 3 was <0.5. Position 1 of AMMs showed a decreasing trend with 
increasing DC (Figure 12(b)) and the ratio was <1.1. 
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Figure 12. Relationship between the ratios of oxygen: copper on a longitudinal section of PSMs and the DC current. (a) cathode melted marks; (b) anode 
melted marks. 
These results suggested that the contact interface on the smooth surfaces of melted marks was not large, so oxidation 
reactions were minimal when copper liquid solidified after a short circuit. Conversely, because there were inconsistencies 
on the rough surfaces of melted marks and air absorption was possible, contact interfaces were large and more oxygen was 
available to oxidize. Because the anode region of the arc was more stable [16], even though there was more heat and time to 
react with increasing DC, the ratio of oxygen: copper increased initially and then decreased with further increase in DC. 
Hence, surface oxidation was influenced by oxygen absorption and temperature. Furthermore, the surface of melted marks 
solidified initially and the oxygen concentration on the surface would not change. As DC increased, oxygen diffusion 
resulted in a downtrend trend in the oxygen: copper ratio in position 1. Taken together, our results suggest that AMMs are 
stable and suitable for IEFM. 
3.3.2. Laser micro-Raman spectroscopy 
Analysis of EDS and XRD patterns could not reveal if copper (II) oxide or copper(I) oxide had been formed. Hence, 
further studies of oxides were undertaken by Laser Micro-Raman spectroscopy. Figure 13(a) shows a series of Raman 
spectra in deposited layers of primary short-circuited melted marks. Raman spectra revealed two main phonon modes at Ĭ
292 cm̢1 and Ĭ610 cm̢1 that corresponded to the Raman vibrational spectrum of bulk crystals of copper (II) oxide [17-
19] (mode Ag (296 cm̢1) and Bg (636 cm̢1)). The crystallization of copper oxides was not complete, so the remainder 
of the Raman peaks was not displayed in this work. Also, copper (I) oxide was not present21. These results suggested that 
there were some copper (II) oxides in the deposited layer of primary short-circuited melted marks but, because of size 
effects (average grain size, <50nm), the Raman peaks of copper (II) oxide were broadened and shifted toward low 
wavenumbers. The data in Figure 13(b) were from the surface of primary short-circuited melted marks and secondary short-
circuited melted marks. Raman spectra just revealed two main phonon modes corresponding to the Raman vibrational 
spectrum of the crystals of copper (II) oxide on the surface of primary short-circuited melted marks. The surface of 
secondary short-circuited melted marks showed three Raman peaks at 220, 297 and 630 cm–1 that corresponded to copper(I) 
oxide (224 cm–1) and copper(II) oxide (296 cm–1, 636 cm–1) [20], respectively. Surfaces were damaged in the experiments, 
so CMMs did not display clear Raman peaks. These data suggested that copper (I) oxide appeared only on the surface of 
secondary short-circuited melted marks. 
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Figure 13. Laser micro-Raman spectra of melted marks: (a) deposited layer for PSMs (primary short- circuited melted marks); (b) on the surface for PSMs 
(primary short-circuited melted marks) and SSMs (secondary short-circuited melted marks). 
Molten copper was in the air-cooling condition after short circuits. In the short-term, there was sufficient oxygen and 
heat, and the surface of melted marks was oxidized primarily into copper (II) oxide [21]. The temperature gradient in the 
melted marks was directed at the surface of melted marks. In general, copper was oxidized initially to copper (I) oxide [22–
23], and then oxidized to copper (II) oxide when heat was released to the surface of melted marks from the center of melted 
marks [24]. However, the film of copper (II) oxide of melted marks was isolated in air and the heat of melted marks was 
less, so the chance of forming copper (I) oxide was decreased. If primary short-circuited melted marks were heated and 
oxidized again because the external temperature was <600°C, the oxygen was sufficient and the temperature became the 
main factor. Hence, the surfaces of secondary short-circuited melted marks were likely to form copper (I) oxide and copper 
(II) oxide [25]. Due to the lattice mismatch between copper oxides and copper, the surface could be lost readily. 
4. Conclusions 
We were able to form four main conclusions from the present study: 
(1) Evaporation of copper was obvious compared with oxidation of copper in short circuits. Weight losses of melted marks 
were <0.0554 g and the length change of melted marks was <1.24 mm. The appearance of short-circuited melted marks 
showed a similar shape. Type A was the main shape for AMMs (73%) and type B in CMMs (82%). The maximum 
depth and depth of AMMs was 2.08 mm and 2.28 mm, respectively.  
(2) In most situations, the grain size of AMMs was larger than the grain size of CMMs and was below the grain size of 
copper wire. The grain size of AMMs was 20–40nm and that of CMMs was 20–35nm at a DC of 600A, the grain size 
of copper wire was 37.57nm. 
(3) Oxygen, carbon and copper were noted in deposited layers and surfaces of melted marks. The ratio of carbon was >50% 
and the ratio of oxygen >21% on surfaces. The three types of regions on AMM surfaces led to an inverted U-shaped as 
the ratio of oxygen: copper increased with increasing DC. The oxygen: copper ratio on rough surfaces was <1.3, on 
smooth surfaces was <0.8, and in gas holes was <1.2. Furthermore, the ratio on longitudinal sections of CMMs showed 
a similar trend, and was <0.8. The oxygen: copper ratio in test position 1 tended to decrease with increasing DC on 
longitudinal sections of AMM and was <1. 
(4) Laser micro-Raman spectra revealed copper(II) oxide on the surfaces and deposited layer of primary short-circuited 
melted marks, and that copper(II) oxide and copper(I) oxide appeared on the surface of the secondary short circuited 
melted marks. Hence, copper (I) oxide appeared only on the surfaces of secondary short-circuited melted marks.  
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